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4th International 
Conference  on Atomic 
Layer Epitaxy 
Mohamed Henini 
The 4th International Conference on Atomic Layer Epitaxy (ALE) was he/d at the Johannes 
Kepler University of Linz, Austria on the 29 - 31 July 1996. There were 13 countries 
represented at the meeting. The number of participants was around 60 from which a significant 
number of Japanese and Finnish. The topics discussed were Ill-V, SilSi Ge, surface science, 
oxides and growth mechanisms. The program consisted of 15 invited talks, 12 contributed 
papers and 21 posters. The papers will be published in Applied Surface Science. Due to space 
constraints, I will report only on few invited papers. A brief description is given below for 
those unfamiliar with ALE technique (for further details see: Vacuum, Vol.42, Nos. 1 & 2, 
pp.61-66, 1991). 
A 
tomic layer epitaxy (ALE) has 
become a wel l -establ ished 
crystallization technique for 
growing compound semiconductor 
films. It is based on chemical reac- 
tions at the heated surface of a solid 
substrate, to which the constituent 
elements of the compound to be 
grown, or the gaseous reactants 
containing these elements, are trans- 
ported sequentially as pulses of neu- 
tral molecules or atoms, either as 
chopped beams in high vacuum, or as 
switched streams of vapour in near- 
a tmospher ic  p ressure  reactors .  
Usually, a characteristic delay time, 
hereafter called "dead time", is intro- 
duced in ALE growth I~etween the 
sequential pulses of the reactant 
species. During this time, the deposi- 
tion process is interrupted to enable 
the free re-evaporat ion of these 
atoms of the depos i ted species, 
which are in excess for the first 
chemisorbed monolayer and, there- 
fore, are only weakly bound to the 
substrate surface. ALE can be con- 
sidered as a "digital" deposit ion 
process because the thickness of 
the epitaxial layer is determined 
primarily by the number of exposure 
Figure 1: Growth and surface analysis equipment used at Johannes Kepler University at Linz. 
cycles and is much less sensitive to 
parameters  like growth t ime or 
fluxes of the constituent reactants. 
ALE is more a substrate surface- 
controlled growth process than a 
reactant source-controlled process. 
This feature distinguishes it from 
conventional thin film growth tech- 
niques. ALE, initiated by Suntola and 
Antson in the mid 1970s was origin- 
ally demonstrated for the growth of 
II-VI compounds. Later, III-V corn- 
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pounds like GaAs, InAs, AlAs, Al,,Gav 
xAs of high quality have also been 
grown by ALE. The ALE mode of thin 
film crystallization may be realized in 
chemical vapour deposition (CVD), 
in high vacuum gas source molecular 
beam epitaxy (GSMBE), and in con- 
ventional, ultra-high vacuum MBE 
processes. The latter case is called 
ultra-high vacuum atomic layer epi- 
taxy (UHV ALE). One should notice 
that ALE is not an entirely new 
method of crystallization but a spe- 
cial mode of the well-established 
CVD and MBE growth techniques. 
G McIntosh (North Carolina State 
University, USA) discussed the ALE of 
GaN, InN, AIN and InGaN. For exam- 
ple they found that: 
1. GaN films grown at 550°C have 
optical properties comparable 
to those grown by MOCVD at 
IO00°C. 
2. InN Films were grown at tem- 
peratures as low as 480°C, but 
they still suffer from In segre- 
gating at the growing surface. 
3. Inx Gal_xN films with good 
device quality were grown for 
O< x <0.25. 
K Mukai et al. (Fujitsu Labs, Japan) 
introduced novel InGaAs/GaAs quan- 
tum dots grown by ALE technique. 
His talk covered: 
(i) basic growth techniques and 
resulting quantum dot structure 
(ii) controllability in emission wa- 
velength 
(iii) controllability in quantum con- 
finement potential 
(iv) numerical density depending on 
growth condition 
(v) observation of higher subband 
levels 
(vi) confirmation of phonon bottle- 
neck effect and, 
(vii) quantumed ot laser operation. 
Enhanced surface migration is es- 
sential for the growth of atomically- 
flat epitaxial ayers. In the growth of 
III-V compound semiconductors, sur- 
face migration is enhanced by sup- 
plying group III atoms to the growth 
surface in the absence of group V 
atoms or molecules. This greatly 
lengthens the lifetimes of isolated 
group III atoms which are quite 
mobile on the surface, and so these 
atoms migrate longer distances. Step- 
flow growth therefore dominates 
even for surfaces on which step 
densit ies are low. Migration-en- 
Figure 2: Scanning tunneling microscopy image of a 25 monolayer EuTe layer deposited on a 
thick PbTe (111) buffer layer. As a result of strain relaxation, misfit dislocations are formed at 
the EuTe/PbTe interface 90 A below the surface.The long range lattice distortions around these 
interracial dislocations produce a pronounced dislocation strain contrast in the STM images. 
Thus, the subsurface misfit dislocations show up as dark or white lines in the derivative STM 
images. In the center part of the image two misfit dislocations marked by (A) and (B} react 
with each other and a new dislocation (C) with a different Burgers vector is formed.With such 
derivative STM images, the complicated network of misfit dislocations formed during strain 
relaxation can be studied in sitowithout the need of any sample preparation.The insert shows 
the actual STM height image of the surface area where the dislocation reaction takes place. 
This picture was taken by Dr G.Springholz from the research group of Prof. G.Bauer. 
hanced epitaxy (MEE) is based on 
this concept, and has proved useful 
for the growth of atomically flat 
layers even at low growth tempera- 
tures. This principle has been applied 
to both MOCVD and MBE. The 
former method, MOCVD-based MEE, 
is called "flow-rate modulation epi- 
taxy" (FME), and has additional 
advantages relating to the controll- 
ability of growth process. During 
FME growth, undesirable gaseous 
react ions are almost complete ly  
avoided between group III and V 
source gases, and the initial surface 
condition for every layer growth is 
precisely control led. Because of 
these characteristics, Y Horikoshi et 
aL (NTF, Japan) have shown how 
high quality layers and well-con- 
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trolled interfaces can be grown at 
relatively low temperatures. FME has 
also proved useful for the selective 
epitaxy of AlxGal.xAs (0 < x < 1) and 
also the fabrication of low-dimen- 
sional s t ructures  sur rounded by 
sharp crystal facets. In conventional 
MOCVD, polycrystalline deposition 
of AIGaAs occurs on the SiO2 masked 
area. However, no deposition takes 
place even during AlAs growth when 
FME is used. Utilizing these advan- 
tages of FME, hexagonal  pr ism- 
shaped AIGaAs/GaAs dots were suc- 
cessfully grown on patterned (111)B 
substrates. Each dot lased at an 
extremely low threshold indicating 
the desirable ffect of FME. 
ALE was originally invented for 
depositing amorphous and polycrys- 
taUine films for thin film electrolumi- 
nescent (TFEL) displays which, in 
fact, have still remained the most 
important - if not the only - 
industrial application of ALE. Follow- 
ing the successful introduction of 
ALE a great deal of research effort 
has been devoted to extending its 
use to other applications as well. 
Though the main interests have con- 
centrated on epitaxial compound 
semiconductors, ubstantial progress 
has also been made with the amor- 
phous  and polycrysta l l ine fi lms 
where both basic and applied re- 
search have had their own contribu- 
tions. The basic research as covered 
development of new precursors and 
processes as well as in situ and ex  
situ characterization of the growth 
mechanisms. In addition to the TFEL 
displays, the applied research has 
involved introduction and evaluation 
of ALE grown film materials in new 
applications for example in solar 
cells, microelectronics, optics and 
catalysts. M Ritala (University of 
Helsinki, Finland) presented some 
selected advanced ALE processes of 
amorphous and polycrystalline films. 
A common feature for these pro- 
cesses is that their novelty is based 
on taking advantage of one or several 
characteristics of ALE. For example 
accurate film thickness control and 
multilayer processing capability have 
been utilized in preparation of high 
quality Ta205 based dielectric nano- 
laminates. The possibility of using 
rather low vapor pressure solid pre- 
cursors without difficulty has, in turn, 
been utilized in growth of transition 
metal nitride films. A remarkable 
improvement in the quality of TiN 
and NbN films, particularly in their 
conductivity, was realized by using 
elemental zinc as an additional redu- 
cing agent in the metal chloride- 
ammonia processes. 
T Meguro and Y Aoyagi (Riken, 
Japan) discussed the self-limited di- 
gital etching of GaAs using a tunable 
laser (2 = 198 - 300 nm) and 
chlorine and its surface processes. 
In general, digital etching is carried 
out by periodic supply of etchant and 
subsequent purge. However, in case 
of pulsed laser assisted digital etch- 
ing, pulse width of the laser beam is 
typically order of ten nanoseconds. 
Since adsorption of two or more 
etchant molecules on the same sur- 
face site rarely occurs during one 
pulse of laser oscillation, digital etch- 
ing is expected in the continuous 
flow of etchant. The difference in the 
self-limited etching characteristics 
between periodic and continuous 
etchant supply were also presented. 
Depending on the character of the 
mass transport  occurr ing in the 
crystallization phase, one may distin- 
guish three different modes of ALE. 
The first, is realized under near- 
atmospheric pressure in a gas-flow- 
type reactor, similar to the reactors 
used in CVD. In this CVD-like mode 
of ALE, the reactants are transported 
toward the substrate in the form of 
switched vapour streams, and the 
separation of reaction steps is accom- 
pl ished by a gas f low over the 
substrate. The reactants are alter- 
nately in jected into the growth  
chamber  together  with an inert 
carrier gas and, following each reac- 
tion, are purged away by the carrier 
gas stream. The reactants reach the 
subst ra te  sur face  by d i f fus ing 
through a laminar-flow boundary 
layer created by the carrier gas near 
the substrate surface in the growth 
reactor. The second ALE mode is 
realized under high vacuum condi- 
tions in a modified MBE growth 
chamber provided with a special gas 
admittance system. In this mode, 
called gas source high vacuum ALE 
(GS HV ALE) or molecular layer 
epitaxy (MLE), the reactant species 
are chemical compounds containing 
the constituent elements. After being 
admitted into the growth chamber, 
the reactants impinge with straight 
trajectories onto the substrate in the 
form of molecular beams without any 
carrier gas present in the chamber. 
Thus, no diffusion of the reactants 
occurs in the growth chamber. The 
beam nature of the mass flow allows 
the utilization of mechanical shutters 
to reduce the transient effects during 
cycling in the ALE growth. The third 
ALE mode, UHV ALE, relies on direct 
surface reactions between the heated 
substrate and the constituent ele- 
ments of the growing film. As in 
conventional solid source MBE, the 
reactants are delivered to the sub- 
strate as elemental atomic or mole- 
cular beams, generated thermally in 
effusion cells. Mechanical shutters 
coupled with these cells are used to 
interrupt the beam fluxes according 
to the cycling scheme of the ALE 
process. A concise discussion con- 
cerning physical principles of the 
third ALE mode, the UHV ALE, was 
presented by M A Herman (Institute 
of Vacuum Technology, Poland). Em- 
phasis is put on the kinetic processes 
occurring in the near surface transi- 
tion layer (NSTL) during the growth 
of semiconductor compounds. The 
NSTL is considered as a model for the 
growth region in which UHV ALE 
takes place. 
For the application of high-tem- 
perature superconductors to future 
electron devices, it is essential to 
develop growth technologies of thin 
film with interfaces controlled in 
atomic scale. Although MOCVD is 
widely used for the epitaxial growth 
of compound semiconductors, it has 
not been a common method for the 
preparation of thin films of oxide 
superconductors because of several 
problems, such as degradation of 
precursors, lack of in situ monitoring 
method like RHEED, and outgrowth 
of boulders. Recently, a growth tech- 
nology of thin films of YBa2Cu30 x 
(YBCO) by MOCVD has improved 
significantly. Second generation pre- 
cursors using adducts solved the 
problem of degradation of Ba sources 
and allowed reproducible growth of 
YBCO. More recently, the third gen- 
eration precursors in liquid form has 
been developed. Ba(DPM)2-tetraene 
is sufficiently volatile for MOCVD 
even at 120°C, much lower tempera- 
ture compared to conventional pre- 
cursors mostly used at 200°C, and 
free of the problem of sintering as is 
encountered in the case of solid 
precursors. Optical reflectance mea- 
surements provided a method for in 
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s/tu monitoring of crystal growth in MOCVD of oxide 
superconductors, by S. Oda et  al. As  for the problem of 
boulders, or second phase precipitates, formation was 
solved using atomic layer-by-layer supply of precursors in 
MOCVD. A very smooth surface film of c-axis oriented 
YBCO with roughness of less than monomolecular layer 
over 10 lxm x 10 lam, free of boulders, has ben obtained. 
by S. Oda et  al. They have clarified that the mechanism of 
the boulder formation is due to the preferential nuclea- 
tion of CuO at defects of substrate (mostly SrTiO 3 surface. 
CuO, once formed, grows much faster than YBCO layers. 
The important thing to eliminate the boulder formation is 
to block the contact between Cu atoms and the defects. 
Atomic layer-by-layer method is very effective for that 
purpose. S. Oda et  al. (Tokyo Institute of Technology, 
Japan) successfully prepared YBCO films free of boulders 
by starting with BaO layer, which is not so stable as CuO 
and presumably changes to YBCO structure after the first 
cycle of gas source supply is completed. They have also 
found that a block-by-block deposit ion method is 
effective to avoid boulder formation. A very large 
monomolecular terrace with length of 0.33 txm for YBCO 
films on SrTiO3 substrates and 0.66 ~tm on NdGaO 3 
substrates may be due to the enhanced migration of 
molecular species on the surface. Very high critical 
current densities of 3 x 107 A/cm 2 at 4.2K and 3 x 106 
A/cm 2 at 77K have been obtained. These films are 
promising for the application of superconductor-insula- 
tor-superconductor trilayer junctions. 
The development of real-time optical process monitor- 
ing presently permits the monitoring of vapor phase 
epitaxy with submonolayer accuracy. In contrast to 
electron diffraction methods optical process monitoring 
maintains this accuracy over thousands of monolayers 
growth. Thus in principle atomic layer control  of 
deposition can be attained without the operation of a 
self-limiting mechanism. However, there remain several 
aspects of self-limiting ALE growth that cannot be 
reproduced by engineered growth at this time, such as, 
control of uniformity over large wafer area and opt imum 
step coverage. Therefore, there exist supplementing 
aspects of self-limiting and engineered ALE growth. K.J. 
Backmann et  al. (North Carolina State University, USA) 
assessed the relative merits of selected methods of real- 
time optical process monitoring, e.g., p-polarized reflec- 
tance spectroscopy, reflectance difference spectro- 
scopy and spectroscopic ellipsometry, in the context of 
specific epitaxial growth methods. In addition, they 
discussed methods, such as, laser light scattering, that 
supplement real-time monitoring of the growth rate by 
providing information on interface roughening in real 
time. Also they commented on the use of real-time optical 
process monitoring for testing the reproducibility of 
initial conditioning of the substrate surface and for 
investigations of the kinetics of epitaxial growth. 
Overall, this conference provided me with a unique 
opportunity to meet fellow growers who are using a 
different epitaxiai growth technique such as ALE. This 
conference has allowed me to gain insight into current 
research through a well structured programme of events, 
both formal and informal. The social events included a 
tour of the city and other touristic attractions on a very 
old tram. Dr H Sitter and his team should be congratulated 
on having arranged a good conference. 
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Back to back Hg Schottky 
diodes on a wafer can be used 
to plot and profile Si, SiC, 
Ill-V, II-VI and other layers 
on insulating substrates. 
For MIS wafers, the series 
capacitors that the two Hg 
contacts make with the oxide 
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Insulating or Semi-lnsulating J 
Substrate ] Semiconductor Layer 
or nitride on a semiconductor 
can be used to measure many 
salient properties uch as 
oxide (or nitride) thickness 
and threshold voltage without 
the extra effort and expense 
of metallizing the backside, so 
often required for measurements 
with a single evaporated dot. 
The MSI  Mercury Probe interfaces with an MSI  Model 466 CGV 
Meter to make rapid and accurate measurements automatically. 
When an MSI  Mercury Probe is used with competitive meters, the 
measurements are less rapid but the same Hg contacted wafers can 
be further processed so that the measured ata can be used to 
enhance yields. 
Profiles of  interface state density vs voltage can also be made with 
frontside Hg contacts. There is no need to metallize when 
nondestructive Hg can get you graphics and data in short order. 
Although Hg can do many things, some quasistatic measurements do
require conductive backsides. 
Send us wafers for Hg contact measurements; the plots, profiles and 
data we send to you say it better than words. 
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Institute of Experimental Physics - -  
Johannes Kepler University, Linz, 
Austria 
I had the opportunity to visit the excellent research 
facilities of the Institute of Experimental Physics. The 
various research programmes coordinated by Dr Helmut 
Sitter include optoelectronic II-VI ternary heterostruc- 
tures and magnetic layers on II-VI compounds. Hetero- 
structures of ZnSe/CdZnSe are the system in which the 
first blue-green laser diodes have been realized. The 
former and recent activities of the project coordinator 
concern the MBE growth and doping of ZnSe/ZnCdSe 
heterostructures, as well as the more exotic magnetic 
CdTe/CdMnTe, ZnSe/ZnMnSe superlattices. Lattice 
matched hetero-epitaxy at ultra thin scale should be 
transferred to the new class of ferromagnetic (Fe, Co, Ni, 
Fe-Ni) layers on top of II-VI semiconductors. 
The resources available include: II-VI MBE/ALE (1 inch 
substrates) with 7 sources (Cd, Zn, Mn, Te, Se, ZnCI2, N- 
plasma) with in situ RHEED, in vacuum STM, in vacuum 
AES and equipment for cathodoluminescence. 
Jeol 500 electron microscope with spectral resolution 
of CL and digital image processing. 
Crystallography: materials research X-ray diffract- 
ometer, triple axis HRXD with Ge-4-crystal monochro- 
mator. 
Primary characterization: layer thickness.determination 
(alpha step, optical), Hall equipment, scanning electron 
microscope. 
For further details contact: 
Dr H Sitter 
Institute of Experimental Physics 
Johannes Kepler University 
Linz A- 4040 
Austria 
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